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Here we present a first assessment of the subunit inventory of mitochondrial complex I from the obligate aerobic yeast Yarrowia
lipolytica. A total of 37 subunits were identified. In addition to the seven central, nuclear coded, and the seven mitochondrially coded
subunits, 23 accessory subunits were found based on 2D electrophoretic and mass spectroscopic analysis in combination with sequence
information from the Y. lipolytica genome. Nineteen of the 23 accessory subunits are clearly conserved between Y. lipolytica and mammals.
The remaining four accessory subunits include NUWM, which has no apparent homologue in any other organism and is predicted to contain
a single transmembrane domain bounded by highly charged extramembraneous domains. This structural organization is shared among a
group of 7 subunits in the Y. lipolytica and 14 subunits in the mammalian enzyme. Because only five of these subunits display significant
evolutionary conservation, their as yet unknown function is proposed to be structure- rather than sequence-specific. The NUWM subunit
could be assigned to a hydrophobic subcomplex obtained by fragmentation and sucrose gradient centrifugation. Its position within the
membrane arm was determined by electron microscopic single particle analysis of Y. lipolytica complex I decorated with a NUWM-specific
monoclonal antibody.
D 2004 Elsevier B.V. All rights reserved.Keywords: Complex I; NADH:ubiquinone oxidoreductase; Accessory subunit; Yarrowia lipolytica; Mass spectrometry
1. Introduction peripheral arm protruding into the mitochondrial matrixDespite continuous efforts to understand the structure
and function of mitochondrial complex I (NADH:ubiqui-
none oxidoreductase), information on this largest multi-
protein complex of the respiratory chain is still rather
limited. Only the gross structure of mitochondrial complex
I is known from electron microscopy of single particles of
different organisms. These images show an L-shaped struc-
ture with a hydrophobic arm residing in the membrane and a0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2004.04.019
Abbreviations: dSDS-PAGE, doubled sodium dodecylsulfate polyacryl-
amide gel electrophoresis; LDAO, N-lauryl-N,N-dimethylamine-N-oxide;
MALDI, matrix-assisted laser desorption ionization; TOF, time of flight
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E-mail address: brandt@zbc.kgu.de (U. Brandt).space [1–4]. In contrast to all other respiratory chain
complexes, no X-ray structure of complex I is available so
far.
The limited information available is in stark contrast to
the growing interest in complex I due to its role in the
generation of reactive oxygen species [5] and the increasing
number of diseases that are caused by or related to complex
I defects [6–8]. With 14 subunits and some 500 kDa, the
counterpart found in bacteria like Escherichia coli, Ther-
mus thermophilus, Paracoccus denitrificans, and Rhodo-
bacter capsulatus [9] represents a minimal form. As
bacterial complex I is capable of performing essentially
the same energy-converting tasks as the mitochondrial
enzyme, these ‘‘central’’ subunits must carry all bioener-
getic functions. In eukaryotes, seven of the central subunits
are coded by the nuclear genome and contain all known
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sulfur clusters [10]. The seven other, highly hydrophobic
central subunits are coded by the mitochondrial genome.
Like cytochrome bc1 complex and cytochrome c oxidase—
the two other proton translocating complexes of the respi-
ratory chain—the mitochondrial version of complex I
comprises a large number of additional subunits: bovine
heart mitochondrial complex I has been shown to consist of
a total of 46 different subunits that add up to a mass of
almost 1000 kDa [11,12]. The function of the 32 ‘‘acces-
sory‘‘ subunits is largely unknown. For a long time, the
only other mitochondrial complex I studied in more detail
was that from the filamentous fungus Neurospora crassa
[13]. In recent years, we have introduced the strictly
aerobic yeast Yarrowia lipolytica as a model organism
[14] and have developed a number of useful strains that
now allow for efficient construction of mutations in nuclear
complex I genes and their biochemical characterization
[14]. The sequences of the genes for the seven nuclear
coded subunits and the mitochondrial genome of Y. lip-
olytica comprising the seven ‘ND’ genes of complex I have
been published previously [4,15]. Here we provide a first
assessment of the inventory of accessory subunits based on
2D electrophoresis, mass spectrometric identification, and
sequence information from the Y. lipolytica genome (Dujon
et al., submitted). We have identified and further charac-
terized one subunit in Y. lipolytica complex I for which no
apparent homologue was found in N. crassa, mammals, or
any other organism.2. Materials and methods
2.1. Protein chemistry
Complex I was purified using dodecylmaltoside by his-
tag affinity chromatography and subsequent gel filtration on
TSK G4000SW (Toso-Haas) [16]. Purified complex I was
split into subcomplexes by sucrose density centrifugation
essentially as described in Ref. [17]. Two milligrams of
purified complex I was diluted to a total volume of 400
Al with 50 mM Tris–HCl pH 7.2, 1% LDAO and layered on
top of a 12 ml 15–40% sucrose gradient in the same
solution. Ultracentrifugation was carried out for 18–22 h at
4 jC with 35,000 rpm in a Beckmann Ti 40.1 swing out
rotor (rcfmax = 220,000 g). Fractions containing subcom-
plexes were concentrated using Vivaspin concentrators with
a 100,000 Da cutoff membrane. The hydrophilic subcom-
plex was further purified on a TSK 3000SW gel filtration
column using 20 mM Tris–Cl, pH 7.2, 50 mM NaCl, 0.5%
LDAO as equilibration and elution buffer.
2.2. Electrophoresis and mass spectrometry
Subunits of protein complexes were separated by dou-
bled SDS-PAGE (dSDS-PAGE) essentially as described[18]. Briefly, lanes from 1D gels (10% polyacrylamide, 6
M urea) were incubated in acidic solution containing 100
mM Tris, 150 mM HCl, pH 2 for 30 min and analyzed by
SDS-PAGE in second dimension using 16% polyacryl-
amide. Spots were excised after staining with Coomassie
blue G 250 or silver. Proteins were cleaved with trypsin
(12.5 ng/Al) in digestion buffer containing 25 mM ammo-
nium hydrogen carbonate, 5 mM CaCl2 at 37 jC overnight.
MALDI mass spectra were recorded in positive ion mode
with a Voyager De Pro MALDI-TOF mass spectrometer
(Applied Biosystems). Spectra were calibrated internally
using bovine trypsin autolysis products (m/z 805.4167 and
2163.0567), or, if necessary, externally using a reference
peptide mixture (bradykinin, angiotensin II, insulin, oxi-
dized B chain, adreno corticotropic hormone; ProteoMass
Peptide MALDI-MS Calibration Kit, Sigma) covering the
m/z 757.3997–3494.6513 range. MALDI spectra were
analyzed by the Mascot software package (Matrix Science,
London) or the Protein Prospector software package [Mir-
rors at UCL-Ludwig, UK/Ludwig Institute Melbourne (Aus-
tralia)] using a proprietary Y. lipolytica genomic database
(http://genome.jouy.inra.fr/clib/consortium/).
2.3. Sequence analysis
DNA and protein sequences were analyzed using the
DNASIS (Hitachi) and HUSAR (http://genius.embnet.
dkfz-heidelberg.de/) program packages. Codon preference
plots were generated using the Y. lipolytica codon usage table
at http://www.kazusa.or.jp/codon/. Homology searches of
mammalian and fungal databases were done using the
BLAST server at http://www.ncbi.nlm.nih.gov/BLAST/.
Alignments of fungal and mammalian proteins were gener-
ated using the program CLUSTALW at http://www.ebi.ac.
uk/clustalw/index.html. Searches of the NCBI conserved
domains database [19] were performed at http://www.
ncbi.nlm.nih.gov/structure/cdd/wrpsb.cgi. Prediction of
transmembrane helices using hidden Markov models
[20,21] was done using servers http://www.enzim.hu/
hmmtop/ and http://www.cbs.dtu.dk/services/TMHMM/.
2.4. Single particle analysis
Monoclonal antibodies were generated against native
complex I as reported earlier [22]. Electron microscopic
single particle analysis of complex I decorated with mono-
clonal anti-NUWM antibody was performed as described
previously [22]. For preparing grids, complex I with bound
antibody was diluted to 0.06 mg/ml and 6 Al were applied to
400 mesh copper grids coated with a thin carbon film.
Particles were interactively selected and windowed into
128 128 pixel images. For micrographs of complex I
decorated with antibodies, L-shaped particles with an anti-
body clearly attached were selected. For complex I labeled
with antibodies, a multireference alignment was done using
two averages obtained for the native complex I as refer-
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(‘‘flip’’ view) and the second a right handed L-shape
(‘‘flop’’ view) corresponding to the two preferred orienta-
tions complex I assumes on the specimen support film. All
aligned particles were visually inspected and only those that
were well aligned and exhibited a high similarity with the
reference were chosen for the final average. For assessing
the significance of the differences, a Student’s t-test was
applied.Fig. 1. dSDS-PAGE of purified complex I from Y. lipolytica. (A) Coomassie
stained dSDS gel with 80 Ag of complex I. (B) Silver-stained dSDS gel with
60 Ag of complex I. The seven central, nuclear-coded and six of the seven
central, mitochondrially coded subunits are labeled in red and blue,
respectively, using the bovine nomenclature. Spots that could be assigned to
individual accessory subunits by mass spectrometry are labeled in black
using the Y. lipolytica nomenclature.3. Results and discussion
3.1. Proteomic analysis of complex I
A histidine-tag at the carboxy-terminus of the 30-kDa
subunit of Y. lipolytica complex I allows for efficient
purification from a total dodecylmaltoside extract of mito-
chondrial membranes [16]. The majority of other proteins is
already removed by Ni2 +-affinity chromatography. In the
final purification step, complex I elutes from the gel-
filtration column as homogenous and monodisperse prepa-
ration. Remaining contaminations elute after complex I and
are almost completely removed (not shown). This size
exclusion chromatography also lowers the detergent con-
centration and removes the imidazol used to elute the
complex from the affinity column.
The subunit composition of Y. lipolytica complex I was
analyzed by dSDS-PAGE, a technique specifically devel-
oped to analyze membrane subproteomes [18]. As shown in
Fig. 1A, the subunits of complex I are well separated by
dSDS-PAGE. Hydrophobic subunits are found above the
diagonal. Some 39 protein spots were counted in the
Coomassie- (Fig. 1A) and the silver-stained (Fig. 1B) gels,
providing a crude estimate of the total number of complex I
subunits. It can be expected that exhaustive proteomic
analysis in the future will show that the actual number of
subunits of fungal complex I is above 40. By classical 2D-
electrophoresis (isoelectric focusing/SDS-PAGE) 32 protein
spots were counted, as the highly hydrophobic ‘‘ND’’ gene
products were not detectable (not shown).
The sequences of the 14 central subunits (Table 1) have
been determined earlier from the cloned genes [4] or in the
case of the ‘‘ND’’ genes from the complete sequence of the
mitochondrial genome from Y. lipolytica [15]. The N-
terminal sequences of all nuclear-coded central subunits
were determined by Edman degradation and their position
in dSDS-PAGE was determined by MALDI-TOF analysis
(Fig. 1B). The positions of six out of the remaining seven of
the mitochondrially coded subunits could be tentatively
assigned based on their predicted molecular mass and their
strong hydrophobicity that places them above the electro-
phoretic diagonal.
The sequences of 23 accessory subunits were found in
the Y. lipolytica genome based on their homology to bovine
and N. crassa subunits (Table 2). Sixteen of these subunitswere identified by MALDI-TOF analysis in the 2D gel (Fig.
1B). For nine of the accessory subunits, the N-terminus of
the mature protein was determined by Edman degradation.
Nineteen of the accessory subunits exhibit significant con-
servation among mammalian and fungal complex I. The
function of most of these subunits is not understood. Only a
few of the accessory subunits of mammalian and N. crassa
complex I have been studied in some more detail in recent
years.
Table 2
Accessory subunits of Yarrowia lipolytica complex I
Gene name Bos taurus Protein mass Amino-terminal TMDsa MALDI-TOFb
homologue
Precursor
(Da)
Mature
(Da)
sequence
Matching peptides
(found/total)
Sequence
coverage (%)
NUEM 39 kDa 42,704c 40,432 MNSFEN 0/0 6/43 25
NUWMd – 28,434c 23,436 FALRAY 1/0 12/33 55
NUZM – 19,748e 19,748e MLPGGP 0/0 9/21 50
NUYM 18 kDa 24,995c 19,219 QKKDVP 0/0 4/22 33
NUPM PGIV 17,375c 0/0 6/20 36
NUXM – 18,564e 3/2 5/19 38
N7BM B17.2 18,504e 0/0 5/18f 28f
NUJMg B14.7 17,307c 2/2
NUFM B13 16,634e 15,571e NVSKGV 0/0 6/16 60
NIAM ASHI 17,305e IRASFD 1/1 6/17 44
NI2M B22 15,266c 0/0
NB6M B16.6 14,091e 1/1 6/16 32
NB4M B14 21,441h 21,310g AIIATA 0/0 6/24 36
NB8M B18 15,896e 11,067 AEFPPL 0/0
NUMM 13 14,256c 0/0
NIDM PDSW 12,859e 0/0
ACPM SDAP 12,039e 0/0 5/20 44
NUVMd – 10,478e 10,347 VELKPS 1/1 4/14 42
NIPM 15 10,018e 0/0 6/14 38
NIMM MWFE 9792e 1/1
NB2M B12 9423c 1/1 4/14 46
NI8M B8 8700c 0/0 5/19 39
NI9M B9 7835e 1/1
a Transmembrane domains predicted using servers http://www.enzim.hu/hmmtop/ and http://www.cbs.dtu.dk/services/TMHMM/.
b Data for tryptic peptides, using 50 ppm error.
c Single exon predicted.
d Not present in N. crassa complex I.
e Two exons predicted.
f Using 1 Da error.
g TREMBL entry for B. taurus: Q8HXG6.
h Two exons suspected, but only one found. Subunit size calculated from single genomic ORF.
Table 1
Central subunits of Y. lipolytica complex I
Gene name Bos taurus homologue Protein mass Amino-terminal TMDsa MALDI-TOFb
Precursor
(Da)
Mature
(Da)
sequence
Matching peptides
(found/total)
Sequence
coverage (%)
NUAMc 75 kDa 78,701 75,195 AEIELTc 0/0 17/72 32
NUBMc 51 kDa 53,753 51,657 ATTQDAc 0/0 10/56 21
NUCMc 49 kDa 52,427 49,942 ATTALPc 0/0 8/43 18
NUGMc 30 kDa 32,344 29,225 QAAPSSc 0/0 19/31 72
NUHMc 24 kDa 27,215 24,067 IVSVHRd 0/0 7/20 23
NUIMc TYKY 25,650 22,320 APATDSd 1/0 6/23 28
NUKMc PSST 23,429 20,425 SAPAGTc 0/0 4/19 26
Gene name Bos taurus homologue Predicted mass
NU1Me ND1 38,345 10/10
NU2Me ND2 53,328 14/13
NU3Me ND3 14,469 3/3
NU4Me ND4 54,477 13/12
NU5Me ND5 73,701 18/16
NU6Me ND6 20,757 5/5
NULMe ND4L 9810 2/2
a Transmembrane domains predicted using servers http://www.enzim.hu/hmmtop/ and http://www.cbs.dtu.dk/services/TMHMM/.
b Data for tryptic peptides, using 50 ppm error.
c [4].
d Kerscher et al., submitted for publication.
e [15].
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was shown to bind a molecule of NADPH [23]. A function in
the biosynthesis of a yet unidentified redox cofactor has been
postulated for the homologous NUEM protein of N. crassa
[24]. The mammalian 18-kDa subunit is known to contain
near its C-terminus a cAMP-dependent protein kinase con-
sensus motif. Phosphorylation of the human or murine 18-
kDa subunits has been shown to lead to activation of complex
I [25]. However, this kinase motif is absent from the homol-
ogous Y. lipolytica and N. crassa NUYM proteins. Appar-
ently, this control device is not implemented in the fungal
enzyme. The B14.7 protein [26] is related to subunits of the
complexes that mediate protein translocation across the
mitochondrial inner membrane, namely Tim22 of the
TIM22 complex and Tim17 and Tim23 of the TIM23
complex. Two transmembrane helices are predicted for
NUJM, the Y. lipolytica B14.7 homologue. The C-terminal
extension, which brings the mass of the N. crassa homologue
up to 21.3 kDa, does not appear to be present in Y. lipolytica
NUJM. The mammalian B16.6 subunit [27] is identical to the
GRIM19 protein, which, by negatively interacting with Stat3,
functions in interferon-h and retinoic-acid-induced apoptotic
cell death [28]. The identification of a Y. lipolytica homo-
logue supports the view that this subunit is a genuine
component of complex I. Apoptotic cell death has not been
studied in obligate aerobic species so far, but was found in
fermentative yeasts like Saccharomyces cerevisiae, Schizo-
saccharomyces pombe, and Kluyveromyces lactis [36,37]. It
should also be noted that sequence similarity between the
fungal and mammalian proteins is low around the 40 C-
terminal amino acids, the part of GRIM19 that has been
demonstrated to be essential for its pro-apoptotic function
[29]. The SDAP protein is a complex I intrinsic acyl carrier
protein that contains a phosphopantethein group attached to a
conserved serine residue [30,31]. In analogy to the acyl
carrier protein that forms part of the mitochondrial fatty acid
synthase involved in the production of lipoic acid [32], a
biosynthetic role for the SDAP homologue has been proposed
but not confirmed yet [33]. Mutations that impair the function
of the MWFE protein are known to cause severe complex I
defects in humans and in Chinese hamster ovary cell lines
[34]. The notion that MWFE plays a crucial role in biosyn-
thesis of complex I is supported by the discovery of the
homologous NIMM subunit in fungal complex I. The solu-
tion structure of heterologously expressed human B8 protein
has been solved recently by nuclear magenetic resonance
spectroscopy (Brockmann et al., submitted for publication).
The structure exhibits remarkable similarities to thioredoxin-
like ferredoxins and contains a disulfide bond. However, one
of the two cysteines necessary to form this disulfide bond is
not conserved in fungi. Subunit B8 exhibits sequence simi-
larities to ribosomal proteins L51 and S25 of mitochondria
and ribosomal protein 36a of mitochondria and chloroplasts.
The significance of these observations is unclear at present.
Four of the 37 Y. lipolytica subunit sequences, NUVM,
NUWM, NUXM, and NUZM, exhibit no significant homol-ogy to any of the 46 subunits of bovine heart complex I.
While NUXM, NUVM, and NUZM have counterparts in N.
crassa, no homologue to NUWM could be identified in
BLASTsearches of theN. crassa genome. On the other hand,
no homologous sequence for the NURM subunit of N. crassa
complex I was found in the Y. lipolytica genome. The possible
significance of this observation will be discussed below.
At present, there are 13 subunits in bovine heart complex
I for which no homologue could be detected in the Y.
lipolytica enzyme. We were also unable to find homologous
genes or proteins for these subunits using BLAST searches
of N. crassa and Y. lipolytica genomic sequence databases.
The subunits in question are 42 kDa, ESSS, B17, SGDH,
B15, B14.5a, B14.5b, 10 kDa, MLRQ, AGGG, MNLL,
KFYI, and an unnamed subunit for which no sequence
information is available so far.
While none of the genes for nuclear-coded central sub-
units contained any introns, mRNA synthesis from 13 of the
genes for the accessory subunits clearly required splicing. In
most cases, splice site predictions were well supported by the
sequences of the resulting translation products, which were
consistent with the N-terminal sequences obtained by Edman
degradation and/or displayed striking sequence similarities
to complex I sequences present in the genomes of N. crassa
and other fungi. NB4Mmigrates much faster in dSDS-PAGE
than expected from its predicted mass, which is derived from
a single, large genomic open reading frame. However, only
the first half of the predicted Y. lipolytica translation product
corresponds to the complete N. crassa homologue, while the
second half is absent from the N. crassa protein. Also, the Y.
lipolytica codon preference is obeyed within the first half of
the genomic open reading frame only. It appears likely,
therefore, that the second half of the open reading frame is
removed by splicing. If the Y. lipolytica NB4M gene in fact
consisted of two exons, the second exon would encode very
few amino acids only and could not be identified in the
genomic sequence. Gene clustering was observed in one
instance only. The NUVM gene is positioned immediately
upstream of the NUKM gene on chromosome VI.
3.2. Mitochondrial import sequences
During mitochondrial import, 18 of the 45 subunits of
bovine heart complex I for which the mature N-terminus has
been identified are processed by the removal of an N-
terminal presequence, 16 by the removal of the initiator
methionine only, and 4 are imported without any proteolytic
processing [11,12].
In Y. lipolytica complex I, the seven central nuclear-coded
subunits are processed by the removal of N-terminal prese-
quences as has been described before [4; Kerscher et al.,
submitted for publication]. In the present work, we have
identified nine additional N-termini. NUZM is imported
without any proteolytic processing and NB4M and NUVM
are processed by removal of the initiator methionine. Mito-
chondrial import of NUEM, NUWM, NUYM, NUFM,
Fig. 2. Mitochondrial import sequences of complex I subunits. Mitochondrial import sequences and the ten N-terminal amino acids of the mature proteins for
central and accessory (bold face) subunits of Y. lipolytica complex I. Shading indicates basic (blue), acidic (red), and aliphatic (yellow) amino acids. Potential
alternative initiator methionines are underlined.
Fig. 3. Predicted structural fold of the NUWM subunit. The predicted
membrane helix is shaded in gray; basic and acidic residues in the
extramembraneous domains are shown in blue and red, respectively. The N-
terminal domain of the subunit is predicted to point toward the
intermembrane space.
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involve the removal of N-terminal presequences (Fig. 2).
While all import sequences have a high content of basic and
aliphatic residues, the  3 arginine that is found in the seven
central nuclear coded subunits appears to be only poorly
preserved among the accessory subunits. Arginine at posi-
tion  3 is found in NUYM,  2 arginine is found in three
cases (NUEM, NUWM, NIAM);  1 arginine (NUFM) or
 2 lysine (NB8M) are found in one case each. The prese-
quence of NUYM as depicted contains a second methionine
(underlined in Fig. 2). At this point, it cannot be determined
with certainty which ATG codon actually serves as the
translational start site. The NB8M presequence as depicted
displays some unusual features. It exhibits a  2 lysine
processing signal, and contains four acidic residues. Acidic
residues are absent from all other presequences, with the sole
exception of NUYM, where depending on the actual trans-
lational start site one or two aspartates are found. It thus
seems plausible to assume that the methionine that precedes
the mature NB8M N-terminus is in fact the initiator methi-
onine, which is then removed during mitochondrial import.
3.3. Organism-specific subunits
Four subunits of Y. lipolytica complex I have been
identified so far, which appear to have no counterparts in
mammalian complex I. NUXM and NUZM are conserved
among N. crassa and Y. lipolytica. While two to three
transmembrane domains are predicted in the NUXM sub-
unit, none is found in the NUZM subunit. Homologues of Y.
lipolytica NUVM (accession number AJ639863) can be
detected by BLAST searches in the genome of several fungi
that are known to possess complex I (Botrytis cinerea,
Aspergillus nidulans, Gibberella zeae, Magnaporthe grisea,
and N. crassa), but significantly, not in those in which this
enzyme complex is absent (Saccharomyces spec. S. pombe,
K. lactis). None of these NUVM homologues found in
fungal genomes has yet been identified as a subunit of
complex I.
NURM of N. crassa and NUWM of Y. lipolytica (acces-
sion number AJ639864) seem to be specific to complex Ifrom these two fungi. Subunits NURM and NUWM have N-
terminal targeting sequences that are cleaved off during
mitochondrial import (26 amino acids in the case of NURM
and 45 amino acids in the case of NUWM) and both mature
subunits are comparable in size (17,846 Da for NURM and
23,436 Da for NUWM), but display no sequence similarity.
Still, we decided to inspect them more closely. For both N.
crassa NURM and Y. lipolytica NUWM (Fig. 3), a single
transmembrane domain is predicted. Remarkably, the extra-
membranous domains of the two proteins share common
Fig. 4. The NUWM subunit is associated with the hydrophobic part of
complex I from Y. lipolytica. Complex I was split into subcomplexes by
exposure to LDAO and sucrose gradient centrifugation. Fragments were
analyzed by dSDS-PAGE followed by silver staining. The NUWM subunit
(green circle) is found in the upper part of the gradient together with the
‘‘ND’’ subunits (A) while in a fragment containing all the central
hydrophilic subunits the NUWM subunit (dotted green circle) is clearly
absent (B).
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the other has a high content of both acidic and basic residues.
Three aspartates and three glutamates, but no basic residues,
are found within the 31 N-terminal amino acids of the mature
N. crassa NURM subunit, resulting in a theoretical pI of 5.4.
Similarly, seven aspartates, six glutamates, but also four
arginines and seven lysines, are found in the 64 C-terminal
amino acids of the mature Y. lipolytica NUWM subunit,
resulting in a theoretical pI of 5.2. These domains are likely
to reside in the mitochondrial matrix. In contrast, the 111
amino acid C-terminal domain of N. crassa NURM has 5
arginines, 11 lysines, 6 aspartates, and 10 glutamates and a
theoretical pI of 7.8. The 122 amino acid N-terminal domain
of Y. lipolytica NUWM has 9 arginines, 13 lysines, 7
aspartates, and 13 glutamates and a theoretical pI of 9.3.
These domains are likely to reside in the intermembrane
space.
While being much smaller than NUWM, subunit
NUVM seems to have a similar design with a single
transmembrane domain and two small, but highly charged
extramembraneous domains. Remarkably, 9 of the 13
subunits of bovine heart complex I, which have no coun-
terpart in the fungal enzyme (ESSS, B17, SGDH, B15,
B14.5b, MLRQ, AGGG, MNLL, and KFYI), and subunits
ASHI, B16.6, B12, B9, and MWFE of bovine heart
complex I, for which homologues could be detected in Y.
lipolytica seem to fall into the same category. It is tempting
to speculate that the common functional requirements for
this group of subunits are structure rather than sequence
specific. By their ability to readily insert into the mito-
chondrial inner membrane, these single transmembrane
helix subunits could support assembly of the membrane
arm or function as chaperones by interacting with trans-
membrane helices of other subunits. Some support for this
proposal comes from a similar situation that was reported
for one of the accessory subunits of mitochondrial cyto-
chrome bc1 complex [35]: The 6.4 kDa from bovine and
the 8.0 kDa subunit from S. cerevisiae exhibit very low
sequence similarity, but both consist of a single transmem-
brane helix bounded on both ends by highly charged
domains. Deletion of the yeast 8.0-kDa subunit results in
dramatically weakened binding of the ‘‘Rieske’’ iron–
sulfur protein to the complex.
3.4. Localization of the NUWM subunit
If the NUWM subunit in fact contains a transmembrane
segment, it is expected to reside in the membrane arm of Y.
lipolytica complex I. To test this prediction, the enzyme was
split into subcomplexes that could be prepared from Y.
lipolytica complex I by exposure of the enzyme to the
detergent LDAO and sucrose gradient centrifugation. Fig.
4A (hydrophobic fragment) shows the composition of a
complex I fragment that could be identified in the upper
part of the gradient. All of the tentatively assigned ‘‘ND’’
subunits that could be detected in the holo-enzyme (Fig. 1)were present, while all central hydrophilic subunits were
clearly missing. The hydrophilic portion of the complex was
found at a position about 1/3 into the gradient where a yellow
brownish ring could be observed after centrifugation. This
fraction of the gradient contained all central hydrophilic
subunits of complex I, but also traces of hydrophobic
proteins (not shown). After further purification of this
fraction by gel filtration, a pure hydrophilic subcomplex
was obtained (Fig. 4B). The NUWM subunit was clearly
A. Abdrakhmanova et al. / Biochimica et Biophysica Acta 1658 (2004) 148–156 155associated with the hydrophobic subunits, confirming its
assignment to the membrane arm.
Further information on the position of the NUWM
subunit within complex I was obtained by electron micro-
scopic analysis of antibody decorated single particles: From
a total of 20 monoclonal antibodies of the IgG subtype
against complex I from Y. lipolytica, two recognized the
NUWM subunit by Western blot analysis (not shown).
Antibody 30C12 (IgG1) binds tightly to the native antigen
as it causes a significant shift in the retention time of a gel
filtration profile as compared to the uncomplexed enzyme
(not shown).
Complex I decorated with antibody 30C12 exhibited an
almost complete shift of the elution peak during gel filtra-
tion chromatography indicating that nearly all complexes
carried bound antibody (not shown). IgG protein was clearly
visible in electron micrographs of the decorated particles
(Fig. 5A) and visual inspection indicated a binding ratio of
around 30%. This suggested that a significant portion of
antibody had dissociated during grid preparation and nega-
tive staining. From four micrographs, 120 particles carrying
IgG protein were selected. After multireference alignment
using the ‘‘flip’’ and ‘‘flop’’ averages of the 90j state as
references (Fig. 5B), the particles were classified into two
classes. The final average corresponding to the ‘‘flop’’ view
(right-handed L) included 75% of the particles (Fig. 5C).
The antibody bound rigidly to the complex and its shape
was evident in the average image. A t-test was performed
for outlining the epitope more clearly (Fig. 5D). As the
NUWM subunit was found to be associated to the hydro-
phobic subcomplex (Fig. 4), binding of the anti-NUWM
antibody unambiguously identified the part of the complex I
particle that exhibits two characteristic protuberances as the
membrane arm. This confirms our earlier assignment that
had been based merely on the similarity of Y. lipolytica
complex I particles to those from N. crassa [4,22]. InFig. 5. Localization of the NUWM subunit on the cytosolic side of the membrane
subunit. (A) Gallery of single particles decorated with antibody. Scale bar, 100 A˚.
with the antibody. Average of unlabeled complex I showing the flop view. (C) Aver
the average. White areas indicate a statistical difference between labeled and unla
averages were superimposed over the Student’s t-test images. Scale bar, 100 A˚.conclusion, the mass corresponding to the antibody was
evidently connected to one of the protuberances on the
cytosolic side of the membrane arm, localizing one of the
hydrophilic domains of the NUWM subunit—most likely
the amino terminal one (Fig. 3)—in this part of complex I
that protrudes into the membrane space.
3.5. Outlook
Further studies will be needed to identify all proteins
found in complex I from Y. lipolytica and to confirm that all
of them are bona fide subunits. Cloning and sequencing of
cDNAs for the accessory subunits of Y. lipolytica complex I
will be necessary to confirm those protein sequences exper-
imentally that were predicted so far only from analysis of the
genome sequence. Genomic deletions have been constructed
for the NUAM, NUBM, NUCM, NUEM, NUGM, NUHM,
NUIM, and NUKM subunits. Deletion of other subunits and
subsequent site-directed mutagenesis will allow structure/
function analysis. It will be of particular interest to investi-
gate whether the single transmembrane helix subunits are
required for proper complex I assembly and function and
whether they may serve as chaperones or assembly factors.Acknowledgements
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